mem————  Princeton Plasma Physics Laboratory =

PPPL-4138 PPPL-4138

Ignition Regime for Fusion
in a Degenerate Plasma

S. Son and N.J. Fisch

December 2005

=PPPL

Prepared for the U.S. Department of Energy under Contract DE-AC02-76CH03073.



Princeton Plasma Physics Laboratory
Report Disclaimers

Full Legal Disclaimer

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, nor any of their contractors, subcontractors or
their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or any third party’s use or
the results of such use of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any
agency thereof or its contractors or subcontractors. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.

Trademark Disclaimer

Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof or its contractors or subcontractors.

PPPL Report Availability

Princeton Plasma Physics Laboratory

This report is posted on the U.S. Department of Energy’s Princeton Plasma
Physics Laboratory Publications and Reports web site in Fiscal Year 2006.

The home page for PPPL Reports and Publications is:
http://www.pppl.gov/pub_report/

Office of Scientific and Technical Information (OSTI):

Available electronically at: http://www.osti.gov/bridge.

Available for a processing fee to U.S. Department of Energy and its contractors,
in paper from:

U.S. Department of Energy

Office of Scientific and Technical Information
P.O. Box 62

Oak Ridge, TN 37831-0062

Telephone: (865) 576-8401

Fax: (865) 576-5728

E-mail: reports@adonis.osti.gov



APS/123-QED
Ignition Regime for Fusion in a Degenerate Plasma

S. Son* and N. J. Fisch'
Department of Astrophysical Sciences,

Princeton University, Princeton, New Jersey 08540, USA

Abstract

We identify relevant parameter regimes in which aneutronic fuels can undergo fusion ignition in
hot-ion degenerate plasma. Because of relativistic effects and partial degeneracy, the self-sustained
burning regime is considerably larger than previously calculated. Inverse bremsstrahlung plays a
major role in containing the reactor energy. We solve the radiation transfer equation and obtain

the contribution to the heat conductivity from inverse bremsstrahlung.
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I. INTRODUCTION

It would be desirable to achieve controlled thermonuclear reaction that produces the
fewest neutrons or no neutrons. The most promising fuel with no neutron (sometimes called
advanced fuel) is proton-boron-11 [P + B'"' — 3a/(2.7 MeV)| and deuterium-helium-3 [D +
He* — p(14.7 MeV) 4+ a(3.6 MeV)]. However, in classical plasmas, self-burning of advanced
fuels is unlikely [1], because, at high temperatures, it seems that the bremsstrahlung loss
may exceed the fusion power produced.

In Fermi degenerate plasmas, the prospect of the aneutronic fuel burning can be very
different due to the reduction of ion-electron (i-e) collisions, which both allows the ion
temperature to exceed the electron temperature and reduces the bremsstrahlung loss. In
previous work [2, 3], it was showed that the fusion byproducts can be stopped primarily not
by electrons but by ions, thus allowing a regime of operation in which ions are hotter than
electrons, the so-called “hot-ion mode” of operation. This occurs when the density is more
than n, = 10?2 /em3; self-sustained burning is then achieved where the ion temperature is
more than 100 keV and the electron temperature is 30 keV. This regime has more favorable
energy balance than the equal temperature mode, and so can enable the self-sustained
burning of aneutronic fuel. The reduction of the i-e collisions can be also applied to D-
T burning to achieve high ion and low electron temperature. While much effort can be
expended to realize the hot-ion mode in conventional magnetic fusion [4-6], in degenerate
plasmas, such an effort is not needed, where the hot-ion mode occurs “naturally”. Also, a
related effect is that in the degenerate plasma regime, the reduction in e-i collisions relative
to classical plasma increases the current drive efficiency [7].

Previous calculations of the fusion ignition regime [2, 3] ignored the effects of partial de-
generacy and the relativistic effects on the i-e collisions, the reduction of the bremsstrahlung,
and the fraction of energy that goes from fusion byproducts into electrons, which are now
available [8]. In this paper, we use these result [8] to quantify more accurately the regime
for fusion burning, showing that the self-sustained burning regime of advanced fuel is sev-
eral times larger than the previous result [2]. Recently Leon et al. [9] showed that plasma
degeneracy lower the ignition temperature for D-T, and that for P-B-11, the ignition tem-
perature can be lower than 20 keV when p = 3.3 x 107 g/cm®. We show that the density

condition can be eased further. We also solve pR-equation in the inertial confinement fusion



and determine the pellet dimension. Furthermore, we show that inverse bremsstrahlung is
much more efficient than the Compton effect in the reabsorption so that the fuel is optically
thick.

This paper is organized as follows. In Sec. (II), based on [8], we identify the self-burning
regime of the aneutronic fuel, and solve a 0-D power balance equation to show that burning
is feasible. In Sec. (III), we solve pR equation. In Sec. (IV), we consider various aspects
of the re-absorption mechanism and show that the fuel re-absorbs photons via the inverse

bremsstrahlung. In Sec. (V), a summary and conclusion are given.

II. REGIMES OF SELF-BURNING IN A DEGENERATE PLASMA

In previous work [2], we showed that the optimal fuel concentration, € = ng/n,, is 0.3
and the electron density should be larger than ng = 6.69 x 10?®(1/cm?) for self-burning of
P-B-11. For an example, when n, = 2ng (the Fermi energy Er = 95 keV), we showed that
T, = 27 keV when T; = 200 keV. In the D-He-3 case, we showed that as an example, for
p =3x105(g/cm?) (Er = 90 keV) and np/ng. = 0.1, T, = 35 keV when T; = 70 KeV
for self-burning. However, this calculation was made using the classical bremsstrahlung
formula and zero electron temperature stopping frequency without relativistic corrections
and partial degeneracy effects [8]. We show in this section how these effect ignored will

expand the self-burning regime further.

A. 0-D power balance equation

We now integrate, numerically in time, the fuel evolution using the reduction formula in
radiation and stopping power from [8]. We assume that the fuel is homogeneous in space.
The densities and temperatures of electrons and ions are governed by the following equations

[10]:
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The bremsstrahlung losses, Pg, is given in [11]; the fusion power, Pr, is given in [12]; n, which

was analyzed in [8], is the fraction of energy that goes from fusion byproducts into electrons;

the densities of fusing-ion species are n; and no; the density of the fusion by-product is np;

we define ap as the number of F-particles per fusion; the energy input from ions to electrons

via Coulomb collisions, P, is given by P, = (3;n;2;/m;)(8/3w(e*m?2/h*)C(T,)(3T;/2) (For

the definition of C(7,), look [8]).

By normalizing the above equation (the density by the electron density n., the tempera-

ture by the Fermi-energy Er, and the time by the stopping time 1/7, = (8/37)(m2e*/h3m,,),

where m,, is the mass of a neutron), we can simplify Eq. (1) in a dimensionless variables.
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where 11; = n;/ne, 0; = T;/Ep, 0. = T,/ Er, 8 = (87/9)(e*/hc)®*(m,h*E; /m2e*), C(6.), f(6)
is given in [8], AE is the energy produced per fusion, and v(7;) = n.(cv)(37/8)(h¥m,/m2e*).
The same analysis can be performed for the D-He-3 fuel. We do not repeat the analysis.

However, the result of the numerical computation is presented in the next section.

B. 0-D Power Balance for the P-B-11

In Fig. (1), we show the time integration of the electron and the ion temperature, the
remaining fraction of Boron fuel for n, = 4 x 10%® ecm™ (Er = 43 keV) with the initial
condition of T, = 0, T; = 200 keV and ng/np = 0.25. We also plot the fraction of energy
from fusion byproducts to electrons as a function of time. Initially, the ion temperature
decreases in time: the fusion power is less than the energy dissipation from ions into electrons.
The electron temperature increases in time because electrons cannot radiate the energy input
from ions fast enough since the bremsstrahlung is much smaller than the classical prediction.
As electron temperature increases, i-e collisions decrease, and energy transfer from ions then
decreases. Thus, fusion power becomes higher than energy dissipation from ions to electrons,
and ion temperature increases. As shown, the maximum of electron temperature matches
with the minimum of the fraction of energy from fusion byproducts into electrons. According
to previous work [2], since n,. is the below the critical density ng, there is no self-burning

regime. However, in that analysis, the partial degeneracy, the relativistic effect in the
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FIG. 1: The time integration of electron and ion temperature, the remaining fraction of Boron
fuel for n, = 4 x 10%® ecm™3 (Ep = 43 keV) with the initial condition 7, = 0, T; = 200 keV and
np/np = 0.25. Top left: the electron temperature (Y-axis: the temperature in keV, X-axis: the
time in the unit of 0.5 x 1073 sec). Top right: the ion temperature (Y-axis: the temperature in
keV, X-axis: the time in the unit of 0.5 x 107'3sec). Bottom left: The fraction of energy from an
alpha particle to electrons (Y-axis: 7. , X-axis: the time in the unit of 0.5 x 10713 sec). Bottom

right: the fraction of remaining boron fuel ng(7)/ng(0).

stopping power, and the reduction of the bremsstrahlung losses are entirely ignored. As
shown in the figure, the fuel is self-burning due to the fact that those ignored factor eases
the condition further. For too large or too low ¢, the fuel will not burn due to the severe
radiation losses. We can show that, for this density, € must be 0.2 < € < 0.4 for the fuel to

be self-burning.

C. 0-D Power Balance Equation For the D-He-3

In Fig. (2), we show the same set of 0-D power balance equation for n, = 10%® cm™
(Er = 16.9 keV) with the initial condition of T, = 78, T; = 78 keV and ng/np. = 0.1. Due
to the reduction of the i-e collisions, the fuel is self burning, and ion temperature reaches
200 keV.

In Fig. (3), we show the same set of 0-D power balance equation for n, = 4 x 10?" cm™3

(Er = 9 keV) with the initial condition of T, = 78 keV, T; = 78 keV and ng/n. = 0.1.
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FIG. 2: The time integration of electron and ion temperature, the remaining fraction of deuterium
fuel for n, = 10?8 cm™3 (Er = 17 keV) with the initial condition T, = 78 keV, T; = 78 keV and
ng/npe = 0.1. Top left: the electron temperature (Y-axis: the temperature in keV, X-axis: the
time in the unit of 0.5 x 1073 sec). Top right: the ion temperature (Y-axis: the temperature in
keV, X-axis: the time in the unit of 0.5 x 107'3sec). Bottom left: The fraction of energy from an
alpha particle to electrons (Y-axis: 7. , X-axis: the time in the unit of 0.5 x 10713 sec). Bottom

right: the fraction of remaining boron fuel np(7)/np(0).

As shown, the fuel is self-burning. However, because Er is comparable to the initial proton
energy divided by electron-proton mass ratio, the assumption vp > v (v is proton velocity)
is not valid and there can be 100 % errors in i-e collision rate. However, this computation
suggests that D-He-3 can be burn for the density p = 10* g/cm® and the temperature
T; = 100 keV.

III. pR EQUATION AND PELLET DIMENSION

To find the pellet dimension and total power, we solve the pR equation (for a review, see

[13]) in the P-B-11 with € = 0.3 and p = 2.0 x 105(g/cm?):

dv
dt

where x is the ratio of the deuterium density to the initial helium density; x = 0.3 at t = 0,

n,(ov)x(0.7+ ) , (3)

and x = 0 at total burn-up. The solution is /(0.7 + z) = 0.3 exp(—tn,(ov)). For the total
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FIG. 3: The time integration of electron and ion temperature, the remaining fraction of deuterium
fuel for n, = 4 x 102" cm™3 (Ep = 9 keV) with the initial condition T, = 78 keV, T; = 78 keV and
ng/npe = 0.1. Top left: the electron temperature (Y-axis: the temperature in keV, X-axis: the
time in the unit of 0.5 x 1073 sec). Top right: the ion temperature (Y-axis: the temperature in
keV, X-axis: the time in the unit of 0.5 x 107'3sec). Bottom left: The fraction of energy from an
alpha particle to electrons (Y-axis: 7. , X-axis: the time in the unit of 0.5 x 10713 sec). Bottom

right: the fraction of remaining boron fuel np(7)/np(0).

burn-up, the confinement time ¢, = R/C, must be longer than 1/n,(ocv) = 0.5 x 107" sec,
where C is the sound wave velocity, and R is the pellet dimension. Assuming C = \/W ,
then R must be larger than 10~% ¢cm. In a conventional pR equation: f = pR/(pR + f3),
where f the burn fraction, and § = 3MC,/(ov). We can estimate that for the D-He-3 or
the P-B-11, 8 = 25 — 50 g/cm?. For the P-B-11 case, by compressing a pellet to a state
with p 2 105 g/cm? and the radius R = 0.002 cm, the input as the electron Fermi energy is
4 MJ and the output will be 160 MJ. In this case, the confinement time is estimated longer
than a picosecond and is long enough. For the D-He-3 case, by compressing a pellet to a
state with p = 10* g/cm?, and the radius R = 0.01 cm, the input as the electron Fermi
energy is 7TMJ, and output energy will be 600 MJ. In this case, the confinement time can
be estimated to be longer than a picosecond and is long enough. The feasibility as a reactor
for either of these fuels is low because the gain is smaller than 100. The gain is 10 times

smaller than D-T fuel. We note that the gain can be as large as 1000 in D-T fuel [13].



IV. RADIATION RE-ABSORPTION

The radiated photons are absorbed mainly via the inverse bremsstrahlung or the Compton
processes. Eliezer [10] has shown that, in some regime with a particular temperature range,
the Compton process dominates the inverse bremsstrahlung. We show in this section that
the opposite is true in our regime. For this, we develop the Green’s function approach and

calculate the heat conductivity due to photon-induced transfer.

A. Compton Effect

In the reference frame in which a electron is at rest, the Compton scattering cross-section

is given by the Klein-Nishina formula as

doxn 7’(2] e% €1 € 9
AN _ 0=y - e 4
dQ) 2 €2\ e + €1 i ’ (4)

where op = 87/3r2 = 6.65 x 1072 cm? is the Thomson cross-section, and € (e1) is the
initial (final) photon energy. The relationship among €, € and O is given as ¢; = ¢/[1 +
(e/mec?)(1 — cos ©)]. If € < m.c?, then ¢; = € and the cross-section becomes the Thomson
elastic cross-section. By integrating Eq. (4) over the solid angle, the total Klein-Nishina

cross-section can be obtained as

31+xz [22(1+x)

= — — log(1+2
KN = 4 a3 1+ 2z og(1 +22)
()
1 1+ 3z
—log(l 4+ 22) — ——
gy losll+20) = amo
where © = hv/m.c®. In non-relativistic regime (r < 1), it can be simplified as o =

or[l — 2z + (26/5)z?].

Let us now estimate how much a photon travels before most of its energy is re-absorbed
by electrons. If the photon energy is small compared with the rest mass, the average energy
absorbed per a Compton scattering can be estimated as ¢(e/m.c?) from Eq. (5). The energy
equations for the photon can then be written as (de/dt) = —n.orc(e/m.c?)e, whose solution

is €(t) = 1/(1 + t/7¢) with 1/7¢ = (n.orc)(€g/mec?), where ¢, is the initial energy of the

9



photon. At t = ¢,/ = 7¢, the half of the photon’s energy is re-absorbed by electrons. The
distance traveled by a photon during ¢ = ¢,/ can be estimated as follows. The photon
traveling can be considered as the random work (at each collision, the photon reduces its
energy by small amount and changes its direction randomly). Then, the photon position can
be obtained as a solution of the simple diffusion equation, whose solution is a Maxwellian
with only one undetermined parameter (standard deviation L). Since the average time
interval between the scattering is 7,, = 1/n.orc, the diffusion coefficient D can be estimated
as D = %, (assuming the photon is scattered isotropically). Then, at t = t; /2, the root-
mean square of the distance that the photon has traveled can be estimated as L = /Dt /, =
(1/neor)y/m.c?/e(0). We can easily see that the less energetic the photon is, the more
distance it travels before it loses half of its energy. As an example, for electron density
ne = 10¥cm™3, we obtain L = 107* cm for a 10 keV photon . However, the actual L
is much larger than the result because the Compton scattering is much reduced from the

degeneracy.

B. Inverse Bremsstrahlung

Inverse Bremsstrahlung has been calculated classically by Dawson and Oberman [14], then
by Silin [15]. Later, Seely [16] calculated one-photon and multi-photon process using the
Born approximation and found that the result matches the result by Dawson and Oberman
[14]. The multi-photon process of inverse bremsstrahlung is refined later by a few authors
[17, 18]. We use some of the result from Shima [17].

The one-photon process in completely degenerate plasma and partially degenerate plasma
has been presented in [17]. In this section, we assume the complete degeneracy. From

Shima’s result, we write the absorption formula of one-photon process in laser field as

aw eE \? el 1
— =2 222 ellle 1 R
i =2 (25) () e () ®

where W is in the units of eV/cm?, vy is the Fermi energy, w is the laser frequency, E is

the electric field strength of the laser, and ¢ = fw/2m.v%. Note that the electric field and
photon density can be related as n,fiw = (E?/8w), where n,, is the number of photon per

volume. Using this, we can obtain the inverse bremsstrahlung time scale as

10
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As opposed to the Compton process, the photon is absorbed by just a one-step process. The

time scale ratio between the Compton process and the inverse bremsstrahlung is given from

the last section and Eq. (7) as

3712222 w2e
n(w)to = 5™ (o r) og(1/q) 5T, (5)

where T' ~ O(c?k%/w?) is much larger than one from the reduction of the Compton effect
due to the degeneracy. If v;(w)7c > 1, the inverse bremsstrahlung dominates the Compton
effect. For example, when n, = 10%cm?® and Z; = 1, the inverse bremsstrahlung is faster
than the Compton scattering by more than a factor of 2 for a 30 keV photon. Note that
the self-burning regime identified in [2] has the electron temperature less than 30 keV, and
an energetic photon from the bremsstrahlung normally have energy less than 30 keV. The
inverse bremsstrahlung thereby dominates the Compton effect in our regime of interest.

Another time scale involved is the time in which an excited electron with energy F emits
most of its energy by photons. This problem is dealt in [8], and the frequency is given
from Eq. (26) in [8] as vp = (n;Z207c)(e?/hv,). The ratio between v; to vg is v;/vg =
3/2(c/vr)*log(1/q)(wi,/w?®)(hvp/e®). We note that v;/vp > 1 unless w >> wpye.

Let us summarize what we have done until now. Firstly, the Compton effect can be
ignored in comparison to the inverse bremsstrahlung unless the photon frequency is much
higher than the plasma frequency (fw,. = 7keV). Secondly, a photon travels during 1/v;(w)
before absorbed by electrons via the inverse bremsstrahlung, and the excited electron radi-
ates photons with various frequencies during 1/vp. These photons are absorbed by electrons
again, and then re-radiated with different frequencies. Since v;/vp > 1 unless w > wy,, the
energy of photon will stay longer in the form of electron kinetic energy rather than in the
form of photon energy. Especially if a photon has energy less than the plasmon (w < wy.),
the time interval in which an electron radiates via bremsstrahlung is a hundred times longer
than the time interval in which a photon is absorbed via inverse bremsstrahlung. Thus, we
can safely assume that, for a photon w < w,., the energy is instantly absorbed by electrons,
and such a photon does not exist any more in the plasma. Though it is well known that a

macroscopic wave cannot travel in a conventional plasma if w < w,., the relevance of such a

11



property to non-correlated photons from the inverse bremsstrahlung is apparently new.

C. Green’s Function for Inverse Bremsstrahlung

We now address the following question: given a photon with a frequency wq at the origin
at ty, how do its frequency and position evolve in time? or what is the energy density spread
plw,rt:wp,0,19) as a function of position and frequency?

The photon travels a distance dly = ¢/v;(wp) in the direction of ag and is absorbed by an
electron. Let us assume that an electron does not move its position and emits the photons
by the bremsstrahlung in time 75 = 1/vg. Now, choose one of the photons emitted with
a probability weight proportional to the energy of the photon (what we are interested in is
energy not number of photons), and call it the first photon. The first photon travels the
distance 0ly = ¢/v;(wy) in the direction of a; and is absorbed by an electron. The electron

emits the second photon and so on. After n steps, the photon position is given as

1 1 1

V; (u}o) V; (wl)

From Eq. (7), we can write the above equation as

2 2 9 2 2
w Wi w w w
N 1A 1w . 1 -
5L = bl (ao+—2a1+—2—2a2+---+—2... 5 an). (10)
) Wy Wi ) Whn—1

The time taken for this whole process can be estimated as T' = n7rp from the assumption
that v;/vg > 1. It is noted that d L is a random variable. We followed a path of the photons
for which a lot of alternative paths are possible. However, by summing up many trial paths,
each 0L is statistically the same due to the law of large number. We thereby assume that
0L represent the whole paths soundly in the statistical sense and 6L is a Gaussian.

In Eq. (10), a number of random variables are involved. Firstly, a; is the set of independent
random variables which is uniform over the direction with only constraint |a;| = 1. Secondly,
g; = w;/w;_1 are also independent random variables, and from Eq. (36) in [8], we note that
g; is distributed uniformly in the unit interval 0 < g; < 1. With these consideration, it is

trivial to show (0L) = 0 and

12
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We can do the same analysis for w,, = wo(wy/wp) . . . wy/wp—1 with the result:(w,) = wy(1/2)"

and (w?) = wg(1/3)". Assuming JL is a Maxwellian, we obtain the Green’s function p as

1, 1
(27r<(5L)2>) / (27T<5w2>

p(w7 Tat : W,O7t0) = )1/2

1 r? 1 (w— (wp))?
ORI Gy T2 W@y |

where n = t/75. The photon frequency exponentially decays with time and reach the cutoff
frequency wp. quickly. We can eliminate w in p by integrating w out with the assumption
that the relevant time-scale for consideration is larger than 75. Then, the time independent

Green’s function p is given only as a function of the position and frequency as

SRR ST Y S I S
27 (Slo(n))? pl 2(550(0}0))2}’ (1

For just one-step process, the Green’s function is given as

Poo (15 w0) = (

1 r
pr(r o) = 8 (0lo(wo))? P {_ 5lo(w0)} ’ (12)

For an example, for a hydrogen plasma with n, = 10*cm=2 and a photon with hwy = 30 keV,
we obtain 6ly = 107%cm. This is much smaller than the pellet dimension that we estimated

in Sec. (III).

D. Non-Local Electron Energy Transfer Equation and Heat Conductivity

In the previous section, the inverse bremsstrahlung has been shown to dominate the
Compton effect in re-absorption mechanism for a reasonably low energy photon, and the
fuel can hold the radiated energy for much longer time than we expect. This makes it

necessary for us to include the re-absorption in the fuel evolution equation since most of

13



radiations are not lost but retained. Here, using the Green’s function we derived in last
section, we rewrite the full evolution equation and derive the heat conductivity.
As in Sec. (IT'A), the evolution of the electron temperature is
3 dT,

2"

where P, is energy input from hot ions, Pp is the bremsstrahlung losses, W is the fusion

= Pe — Pp +0Wp + Wy — (niZ})n.B(T) . (13)

power and 7 is the fraction of energy from the fusion by-product to the electrons, and W, is
the electron heat diffusion via Coulomb collisions. From [8], the bremsstrahlung Pp is given
as Pp = K [ W(T,,w)dw, where we write explicit dependence of W on T, from Eq. (29) in
[8]. As shown in the previous section, the radiated power is retained by electrons non-locally
at different locations. Thereby, Pg is no longer given by the local quantity but by an integral

of the Green’s function:

Pp(r) = + / W (T.(r,w)dw
(14)
- /Uooop(r_r1>w)W(Te(r1),w)dw dry .

As long as dlp(w) < R with the fuel dimension R, the bremsstrahlung is not energy-loss
but diffusion. We can see readily that Eq. (13) becomes integro-differential equation, which
might be intractable.

However, when T,(x) is slowly varying, the bremsstrahlung Pp in Eq. (14) has the form
such as Pg = kV?T,, and & is the heat conductivity from the radiative transfer. Let us
assume that the electron temperature has only linear z-dependence so that T, = Ty +
x(dT/dx), where dT/dx is very small. The energy flux through = = 0 plane from the

negative-r region to the positive-x region is

Ft= 4 / dw/ dl’ldygng/ dxdydz
0 x1<0 x>0

< [p(r — r1,)W (T (1), w)]

The energy flux from the positive-r region to negative-x region, F'~, can be similarly ob-

tained. The net flux, F' = F'~ — F'* is then proportional to the dT'/dx, whose coefficient is

14



the heat conductivity:

K= 4+ 2/ dw/ dmldyldzl/ da
0 x1>0 0

ow
x| pla+ 1,91, Zla(“))aTxl .

By using p;, we obtain

1 > ow
Ky = §a1/0 (5lo(w))2aTe dw, (15)

where a; is

alz/oooda/aoods [/Ooodtexp(—m) : (16)

By using p.., we obtain

1= 5 OW
Koo = 5/0 dlp(w) aTedw. (17)

V. DISCUSSION AND CONCLUSION

In summary, based on the correction of the stopping power from partial degeneracy, we
show that the self-burning regime is larger than the previous result [2]. We also show that
in re-absorption, the inverse bremsstrahlung dominates the Compton effect and the fuel is
optically thick for bremsstrahlung losses.

These results suggest an optimal ICF regime to produce net energy using advanced aneu-
tronic fuel. In this regime, the pellet mass is 1-20 times that of a D-T pellet, and the
dimension R in compressed state is 3-8 times smaller than that of a D-T pellet. The output
energy is 100-1000 MJ. The gain, defined as the ratio of the output to the total Fermi energy,
is 40 - 200. Furthermore, since all the fusion energy resides in charged particles, the energy
conversion efficiency is far better than for D-T fuels. However, unless a method for the
extreme compression regime here is devised, the burning of aneutronic fuel in this regime
might not be realizable. The creation of a hot spot is also problem: The hot spot must be
10 times hotter than the case of D-T. One might use a hybrid concept which uses uranium

inside the pellet [19, 20], or possibly chain-reaction involving D-T [3].
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There are several aspects that we ignored in the computation. First, while 0-D power
balance equation suggests also that it may be possible to burn the D-He-3 at densities
ne < 10%cm™3, the assumption that vy > V with V being the velocity of the fusion
byproduct breaks down at n. < 10%®cm ™2 since the proton is very energetic. Then, the
stopping power will be somewhat more than that we predicted. The treatment of the ion
stopping when vp = V', however, is out of the scope of this paper. Second, due to the
degeneracy, the heat capacity of the electron gas is smaller than the classical electron gas.
As ions heat partially degenerate electrons, the electrons become hot more quickly than our
estimate in this paper, which will reduce the ion stopping. Therefore, the reduced heat
capacity will ease the burning condition. Third, in our simulation we included neither the
particle losses in the pellet nor the radiation re-absorption. Fourth, our treatment of the
relativistic effect breaks down when the electron temperature exceed 150 keV. While there
exists a more rigorous theory [21], it is not computationally tractable. A valid approximation
of the theory should be devised. The largest outstanding issue in this regime, however,
remains a practical means for the compression and creation of the hot spot.
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